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Abstract 
The Gryphon Field is located in the UK Central North Sea and has been producing since 1993. The field is a large, laterally 
extensive Paleocene sandstone reservoir with a large underlying aquifer, and overlying gas cap.  The main part of the field 
consists of massive Balder turbidite sands which have to date being drained using long horizontal wells.  This part of the field 
has been mostly drilled up and recent infill drilling has been concentrated into the injectite wings.  These wings surround the 
edge of the main part of the field and were produced by sand injection into the overlying shale triggered by large seismic 
disturbances. Reservoir quality is very good and as a result, production performance is related to the drive mechanism, which 
is highly gas and water coning dominated.  This means that infill well performance will be influenced by the relative positions 
of the gas and water contacts, as well as the injectite geometry. 
To date the determination of the reserves for injectite producers has been difficult as the full field model gridding is 
too coarse to provide an adequate representation of their structure. Thus, the refined model of the injectite has been constructed 
by generating various schemes of gridding.  
As a part of the study, different parameters such as injection wing geometry (stratigraphic thickness, vertical height, 
dip angle), well position within the injection wing, reservoir properties (porosity, permeability, kv/kh ratio), drive (aquifer 
strength, gas cap strength), and grid coarsening were studied and analyzed to identify the sensitivity, correlation and  impact of 
the individual factors on the well performance. The aim is to find out which parameters are crucial for the estimating the 
reserves and which are less influential. 
The key deliverables of the study are: 
1. The identification of impact of grid size/orientation impact on reserves and response terms (water cut, gas oil ratio, 
CPU time). 
2. The establishment of relationships between the sensitivity/uncertainty parameters and reserves, showing which 
parameters are most important, and type of relationship on the basisas a result of sensitivity analysis 
3. Demonstration of applicationShowing the use of experimental design technique 
4. Generation of Response surface Surface models Models (RSM) to identify the correlation between uncertainty 
parameters and to provide accurate and efficient  tool to quickly relate potential reserves to injectite geometry, 
reservoir quality and well placement parameters 
5. Identification of P10, P50 and P90 values of oil production and recovery factor for a particular simulation criteria on 
the basis of Monte Carlo simulation 
6. Generation of methodology based on same concepts that can be applicable for further studies of injectites 
 
Introduction 
The Gryphon field is located in the block 9/18b of the UK North Sea, 320 km northeast of Aberdeen in the southern part of 
Beryl embayment. The field was discovered by a well 9/18b-7 in 1987, which came acrossfound an oil column of 190 ft 
thickness. The With first oil dated to of October 1993, initial produced production was from massive turbidite sandstones of 
Balder formation at the depth of 5700 ft.  The initial flow rate was 6800b/d of heavy 21.5 API oil (Purvis et al., 2002). The 
reservoir quality is very good with sands that are fine and medium grained, well sorted and have high porosities (> 30%) and 
high permeability (2-10 Darcy) (Phillips et al.,1994). 
At the early stages of field exploration, injection wing features were not identified in seismic analysis, core analysis 
or appraisal drilling.  This information became available when applying new technologies such as four component (4C) and 
time lapse 4D seismic, which were performed in 2002 (Templeton et al., 2009). This allowed determination the indetification 
of the large-scale sand injection wings, which became the focus of Gryphon Field’s further development.  
The simulation results from the existing geological model showed predicted that the oil column within the injectite 
was very much un-swept and the entire field’s oil column thinning did not affect much the injection wing features. However, 
the main challenge for the injection wing features was to determine of the reserves, since the existing model was too coarse 
and it did notto provide a reasonable picture assessment of the injection wings’ behavior. 
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The complexity of injection wings brings many uncertainties, which creates major challenges in geo-steering the well, 
wellbore stability and performance predictions of the wells penetrating the injectites. The experience of the pPreviously drilled 
wells showed that some wellssometimes over performed and some under performed. The amount of sand penetrated by the 
wells did not match the geological model and consequently the simulated well performance was different from the planned 
onespre drilling estimates (Hart et al., 2007).   
This lead to the building of a fine scale shoe-box model in the current project which is connected to the overlying gas 
cap and underlying massive water aquifer.  The aim of this study is to see the impact of the several uncertainties such as 
injection wing geometry, well geometry, reservoir quality and drivein respect to injectite, the penetrating well and the 
reservoir. This will help in making decisions such as acquiring more data, and better understanding of uncertainties. 
Experimental design was applied to generate the combinations of input parametersThese parameters can be injectite geometry, 
well geometry, reservoir quality and drive. All representative responses were computed by means of experimental design, and 
the distribution of the response parameters such as oil production and recovery factor were generated by Monte Carlo 
simulation on the basis of Response Surface Modeling (RSM) 
 
Literature review 
Sand injectites 
Sand injectites comprise dykes, sills and other more irregular features that form intrusive traps within otherwise impermeable 
shales. (Hurst et al 2007). Sills are the injectites that are parallel to the bedding and the dykes are the injectites that cut the 
layer being intruded. The geometry of sand injectites can be varied, as it is seen in Figure 1. 
 
Figure 1. The geometries of sand injectites. A,J-parent body, B,C,E-sills, D-sand wing feature, I-cone like injection sand 
(Hurst et al., 2007). 
The injectites have a so-called ‘parent’ body, which is represented as A.  Injectites can be thick or thin sills (B, C), or 
as wing features (D), a sill being truncated by a dyke from other parent body as J or as cone like injection sands as I (Braccini 
et al., 2008). Geologically,  the younger sediments overly the older sediments. This happens until folding or faulting takes 
place or other catastrophic events like Earthquake. On the other hand the formation and the surrounding rocks are not  
necessarily normally pressurized across the depth of burial, sometime the over pressurized  sands can move upwards 
into less pressurized formations, which leads to an intrusion of overlying formations by underlying ones. This is one of the 
causes of sand injectites’ formation. The size of the injectites can vary in great ranges, from millimeter to kilometer scales. The 
small-scale injectites can be observed in core analysis, since the injectites can have different properties from the other 
sediments in core. Furthermore, they can be recognized in borehole images logs. However they are rarely captured and 
recognizable in seismic, since the resolution of the seismic (20-25ft in oil leg and 10-15ft in gas sands) in most of the cases 
exceeds the scale of the injectites. The large-scale injectites can be imaged on the seismic and on outcrops. 
As the technology is progressed, the potential behind the injectites in terms of the production and reserves have 
become apparent and they become more attractive field of study for further investigation.  
 
Gryphon field 
The initial production from Gryphon field was entirely from massive depositional turbidite sands, until the 
recognition of large-scale injection wings as part of the reservoir re-evaluation in 2002. (Figure 2) 
This was possible after detailed analysis of all the information gained during appraisal drilling back in 1980-90ties when one 
of the wells drilled encountered more than 300ft of sand and another well drilled only 1640 feet away, did not find any sands 
at all (Braccini et al., 2008). This lead to an idea that the sands were scattered and they might be of poorer quality. However, 
this did not give the full picture of the sand distribution in the Gryphon field.  
Other fields comprising injectites such as Leadon, Alba, Dumbarton, Captain, Harding and MacCulloch fields in the 
North Sea were studied as analogues, to become familiarized with the geological setting, the flooding mechanisms, and with 
the work done to date in implementing such features into simulation models.  One of the most important things in 
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understanding the injectites was re-interpreting the existing seismic data, as well as advances in processing the data, which 
made it possible to discover the large-scale injection wings in the Gryphon field. It is thought that the origin of the injection 
wings are caused by catastrophic events, such as an earthquake, which lead to sand remobilization of fluidized sand in to upper 
layers, creating large scale injection wings (Templeton et al., 2009). There are plenty ofmany small-scale injectites across the 
formation, but the further exploration and drilling have mainly been focused on the large-scale injection wings. The drilling of 
injection wings commenced in 2004 and up to date 14 development wells have been drilled. All these wells contributed over 
80% of overall daily production, which has gave an opportunity to extended field life 
 
 
Figure 2. Gryphon’s Cross section illustrating position of injection wings 
 
However, drilling through the injection wings was very challenging due to many uncertainties. The challenges that 
were met during the drilling of the injectite were: 
-to place the well and steer through a three dimensionally dipping sand body that has different rugosity 
-the mud losses, associated with wellbore instability 
-the weak connection between the sand rock and the claystones, i.e. a risk of exiting the sand injectite body and penetrating the 
unstable shales (Hart et al., 2007). 
 The recovery mechanism is mostly water and gas coning dominated, with pressure support from a large underlying 
aquifer, water injection and gas injection. As per full field reservoir modeling simulation results, it is believed that the oil 
column within the injection wings is mostly un-swept. The oil in the field is quite viscous with unfavorable mobility ratio, thus 
making the oil displacement within the structure challenging. This explains why the oil column in the injection wing is not 
much affected by the general oil column thinning in the whole reservoir. 
 
Injection wing modeling  
Gridding 
 
The 3D reservoir model was constructed in Petrel, as a fine scale model grid 
will be used to represent a simple inclined injectite with connection to an 
underlying aquifer and an overlying gas cap (Figure 3). The model will use a 
simple shoe-box grid, but will incorporate Gryphon reservoir and fluid 
properties (Table 1). Preliminary modeling will look at the impact of gridding 
size, layering type, number of active cells and injectite geometry on the 
reserves from a prototype injectite producer. The aim is to generate as many as 
possible models with different ways of gridding to see the impact of each of 
them. The number and dimension of the grid block along X, Y  and Z directions 
are based on the size of model to be run and so that it properly replicates the 
displacement mechanism.  Different ways of layering and zonation were 
applied in order to create different variations of gridding.  As a result, seven 
types of gridding were generated (Figures 4-10). 
  As it can be seen from the grids, the majority are not typical cubic 
grids aswith the exception of grid 5. This was done in order to see the range of 
results that could be obtained within a particular grid type.  
The total number of active cells is to be kept within 80 000 cells, in order to 
have reasonable CPU running time. 
 
Figure 3. Typical shoe-box model of a simple injectite wing. 
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Porosity 35% Net to gross 1 Gas gravity 0.592 Oil Water Contact (OWC) 5731ft 
Permeability 5 Darcy Oil API Gravity 21.5 Initial reservoir pressure 2530 psia Gas Oil Contact (GOC) 5541ft 
Kv/Kh 1 Water specific gravity 1.05 Reservoir thickness 190ft Oil FVF @Pi 1.1 rbl/stb 
Table 1. Reservoir and fluid properties. 
Parameters and ranges to study 
The integration of geological properties, such as geometrical features and elements influencing production is imperative in 
evaluation of the reservoir behavior (White et al., 2003).  The extent of input attributes examined in this study is as following: 
1. Injectite geometry- stratigraphic thickness, dip angle 
2. Grid coarsening  
3. Reservoir quality-permeability, porosity, ratio of  vertical to horizontal permeability (kv/kh ratio)   
4. Drive- aquifer strength, gas cap strength  
5. Well position within the injectite respect to oil-water contact and gas oil contact. 
        The last 3 parameters will be part of uncertainties assessment. 
 
 
Figure 4. Grid 1 
 
Figure 5. Grid 2 
 
Figure 6. Grid 3 
 
Figure 7. Grid 4 
 
Figure 8. Grid 5 
 
Figure 9. Grid 6 
 
Figure 10. Grid 7 
 
 
Injectite geometry   
The injectite geometry is one of the most uncertain parameter.  The challenges and risks associated with drilling an 
injection wing are highly connected to the level of uncertainty of injectite geometry.  This is evident while well geo-steering, 
navigating and locating the well within the injection wing.  The first development well drilled on injection wing was 9/18b-
A23, which penetrated mainly the base of the wing. This well served as an acknowledgement that the injectite geometry was 
not truly understood and needed further study. The second well 9/18b-A24, targeted the center of the dyke, and as a result the 
well entered the wing successfully, but exited through the base without reaching the planned target (Hart et al., 2007).  These 
cases all show the need for a better understanding the geometry of the wing and well positioning within it. 
The ranges for these parameters were assigned according to the seismically acquired data and the Logging While 
Drilling (LWD) measurements (Table 2). 
Injectite geometry parameters Range 
True stratigrahic thickness 150-200-300-400ft 
Vertical height Depends on combination of true stratigraphic thickness and dip angle 
Dip angle 15
0
-20
0
-20
0
-30
0
 
Table 2. The variation in injectite geometry parameters. 
  These parameters were combined with the gridding variations and 112 models were created, containing every 
possible set comprising of thickness, dip angle and grid type.  Several examples incorporating each parameter and grid are 
shown in Figures 11-17.  
 
Reservoir quality. 
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The base case reservoir properties were set as the averaged values obtained from previously performed core analysis. 
However, the range of the values that were obtained from each cored well need to be taken into consideration. The simulated 
sensitivity ranges are displayed in Table 3. 
 
Reservoir properties Range 
Porosity 33-38% 
Permeability 2-10 Darcy 
Kv/Kh ratio 0.2-1 
Table 3. The sensitivity ranges of the Gryphon field’s reservoir quality 
 
Figure 11. Grid 1. Dip angle-15
0
 
Stratigraphic thickness-150ft 
Figure 12. Grid 2. Dip angle-20
0
 
Stratigraphic thickness-200ft 
Figure 13 Grid 3. Dip angle-25
0
 
Stratigraphic thickness-300ft 
Figure 14 Grid 4. Dip angle-25
0
 
Stratigraphic thickness-400ft 
Figure 15 Grid 5. Dip angle-20
0
 
Stratigraphic thickness-400ft 
 
Figure 16 Grid 6. Dip angle-30
0
 
Stratigraphic thickness-300ft 
 
Figure 17 Grid 7. Dip angle-15
0
 
Stratigraphic thickness-200ft 
 
 
Drive 
The production from the injection wing is being supported by aquifer and gas cap. However, there is an uncertainty of 
how strong these drives are in a particular case. Thus, there is a need to test different scenarios of drive support strength in 
order to see how these parameters influence the injectite producer performance. The initial pore volumes of gas cap and 
aquifer were set as equal to each other. Afterwards the numerical aquifer size and gas cap pore volume was varied in order to 
obtain a range of drive strengths. The range of drive strengths is shown in table 4. 
 Drive  Range 
Aquifer sizecross sectional area 300 000-2 000 000 ft 
2
 
Gas cap pore volume multiplier 0.1-10 
Table 4. The range of aquifer size and gas cap multiplier 
Well position 
As per experience of previously drilled wells on the injectite, The existing wells havethe well has penetrated the 
injection wings in various locations. In this study Tthe well locations were set in such a number of ways, so that it enables to 
the prediction of the performance of the well in case it penetrates the formation close to OWC, GOC, the center of the wing or 
shifted in various direction and to decide on optimum well locationin order to optimize well location. The schematic view of 
well locations of horizontal injectite producers is illustrated in Figure 18.The side view of the horizontal well position placed 
in 1number one penetrating the whole injection wing is shown in Figure 19.  
                
Figure 18. The various locations of horizontal injectite producers.                Figure 19 . The side view of horizontal well location #1. 
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Grid coarsening 
The injectite behavior will be analyzed upon the grid being coarsened two and three times respectively. The grids are 
coarsened by modifying the layering (thickness) and using the Local Grid Refinement option in the Eclipse simulator. 
 
 
Discussion  
Injectite geometry 
In order to analyze the effect of injectite geometry, all 112 models generated were divided into 16 groups by variations of 
the stratigraphic thickness, grid type and dip angle (see the Appendix A for details). All models were run for 365 days. The 
behavior of the injectite producer within each grid was analyzed per group. This aims to see whether the grid geometry affects 
the parameters results such as water cut, cumulative oil production, gas oil ratio and the CPU running time.  The results for 
Group 1 are shown in Figure 20 (results for other groups are presented in Appendix B). Based on qualitative analysis, the 
general trend for all groups is: grid 5 and grid 6 have a tendency to give slightly different behaviors in comparison with other 
grids. Grid 5 has the latest water breakthrough time and highest GOR by end of the year, however the final water cut 
development does not differ much from the other simulated grids by the end of simulation time. The cumulative oil production 
is within the range for all simulated grid geometries.  On the other hand, the cumulative oil production from grid 6 results in 
the lowest value, being dependent on the water cut development and gas production.  
 
Figure 20.  The simulation results obtained for seven grids of Group 1 showing the differences in response terms due to different 
gridding scheme.  
 
In order to quantify the difference in behavior, the following plot (Figure 21) has been constructed based on the sum of 
difference in  water cut values between the each grid and the 
averaged value of the group (grids with similar behavior 
considered only) This implies that the geometry of the grids has 
an impact on the simulated performance of the injectite producer. 
The visual comparison of Grid 5 with one of the generic grids is 
shown in Figures 22-29. The orientation of the grids will 
influence how fast the water move through the grid cells. For Grid 
2 the grid cells are orientated parallel to the wing itself and the 
cells are elongated in Z direction. However, grid 5 celss cells are 
parallel to the initial fluid contacts orientation of grid of gas cap 
and aquifer and they are elongated in X direction. So, water will 
move faster in grid 2 and slower in grid 5.    
 
Figure 21. The deviation of Water Cut values   
 
 
The Deviation in Water Cut Values per grid
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 2 4 6 8 10 12
Months
S
u
m
 o
f 
d
e
v
ia
ti
o
n
 v
a
lu
e
s
Grid1
Grid2
Grid3
Grid4
Grid5
Grid6
Grid7
Gryphon Injection Wing Modeling                                                                                                                                                                            7 
 
 
 
 
 
 
                                                                                                                                                                                                  
 
The patterns emerged on the basis of the analysis of all 112 results, are the following. (Table 5) 
Parameter 
Change due: 
Remarks Figure 
Stratigraphic thickness Dip angle 
Water cut 
(%) 
Inversely proportional. Has the highest value at the minimum 
thickness, and tends to decrease as the injectite become thicker. No effect  Figure 30 
Thickening results in delay in water break through time 
Gas Oil 
Ratio 
(mscf/stb) 
Stratigraphic thickness increase results in the delay of the Gas Break 
though 
Dip angle increase 
results in gas 
breakthrough 
delay 
Data are mostly 
scattered, no 
distinct pattern 
emerges 
Figure 31  
Recovery 
Factor (%) 
Inversely proportional. The larger the thickness, the lower the 
Recovery Factor 
No effect  Figure 32  
Oil 
Production 
(stb) 
directly proportional No effect  Figure 33 
Oil in Place 
(stb) 
directly proportional No effect  Figure 34 
Table 5. Behavior of response parameters observed due to change in injectite geometry. 
 
 
Figure 22. Grid 2. 3
rd
 month 
 
Figure 23. Grid 2.  7
th
month 
(water breakthrough) 
 
Figure 24. Grid 2. 9
th
  month 
 
Figure 25. Grid 2. 12
th
  month 
 
Figure 26. Grid 5. 3
rd
 month 
 
Figure 27. Grid 5. 7
th
  month 
 
Figure 28. Grid 5. 9
th
  month 
 
Figure 29. Grid 5. 12
th
  month 
 
Grid coarsening 
For the analysis of the effect of grid coarsening, in one particular on injectite geometry was chosen (stratigraphic 
thickness-300ft, dip angle-25
0
, height-140ft). Thus, the same workflow can be carried out for other injectite geometry as 
necessary.  
As per results of grid coarsening, one outcome that works for all grid types One result of this exercise is that the CPU 
running time is much faster lower when the model is coarsened, which was anticipated, since the number of active grid cells is 
reduced as the models get coarser. However, the impact on water cut, cumulative oil production and gas produced is dependent 
on grid type.  
Water cut Development.   In general, the water breath break through  and gas break through time will be earlier in coarser 
models, as the water/gas  tends to move faster in coarser cells. All grids have shown this behavior; however the water cut 
development throughout the simulation is very variable, as is the water cut at the end of the year. The variation in final Water 
Cut is shown in Figure 35. (the plots for all response terms see Appendix C). 
Gas Oil Ratio. The variation of gas oil ratio behavior due to grid coarsening is highly variable. The time length of simulation 
restricts the analysis of GOR, since no change is observed during the simulated time (1 year). Therefore no clear conclusion 
could be madefor the grids 1, 3, 4 and 6. On the other hand, grid coarsening delayed the gas breakthrough in grid 2 and brings 
it forward in grid 5 and 7. (Figure 36).  
Cumulative oil production. The trend is a reduction in cumulative oil production as the model is coarsened, yet the decline is 
different per for every grid. (Figure 37).  
CPU running time. On average, elapsed time decreased by 68-92.5% as the model was coarsened twice or by 76-95% as the 
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model was coarsened three times. Accordingly, further model coarsening would not have a great impact on the running time.  
The results from grid refinement are not conclusive. This indicates that further studies need to be conducted on other 
injectite geometries and the simulated period should be increased, so that the behavior could be further analyzed.  
 
 
            Figure 35. Variation in final water cut                          Figure 36. Variation in final gas oil ratio 
 
Figure 37. Variation in cumulative oil production 
 
Uncertainty assessment 
Assessment and quantification of uncertainties related to the injection wing behavior is essential, due to the large 
number of uncertainty parameters. Studies containing many factors can be lengthy if simulation runs are not chosen efficiently. 
Running simulation with one parameter varying at a time may not be suitable to establish the possible relationships between 
different parameters, so that a method such as experimental design should be implemented. The most significant impact of 
uncertainty will be on 3 parameters such as oil in place, recovery factor and reserves.  
The uncertainty study was conducted using MEPO software, created by SPT Group. By using different experimental 
design methods, this allowed to the investigate investigation of the relationship and correlation among uncertainties and 
response parameters, and to establish which of them have the most crucial impact on response parameters. 
For the uncertainties assessment it was decided to focus in particular on injectite geometry (stratigraphic thickness-
300ft, dip angle-25
0
, height-140ft). Thus, the same workflow can be carried out for other injectite geometry as necessary.  
 
Sensitivity analysis. 
The aim of the sensitivity analysis is to determine the most significant factors and estimate their influence. The uncertainties 
parameters are varied one at the time. (The plots for each variation refer to Appendix D). Ten values within each range of 
uncertainty parameters were tested via experimental design. The Tornado chart for Grid 1 (Figure 38) is plotted to show the 
sensitivity to geological parameters (for other girds see Appendix E). The sensitivity plots and the level of impact of each 
parameter, the sequence of most important to the least is similar for each grid. The only difference observed in the impact 
(positive or negative) on oil production is due to lower and upper level values of kv/kh. This is explained by the geometry and 
orientation of grid cells. 
Formatted: Indent: First line:  0 cm,
Line spacing:  single
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Figure 38. Tornado chart. Grid 1. 
 
The other aspect where sensitivity is a helpful tool was to identify the optimum well location. The results obtained for 
each well are illustrated in Figure 39. The behavior is analyzed based on position of the well relative to the OWC and GOC 
and the position relative to the edges of the wing. As a result, the maximum recovery is achieved when the well is placed in the 
middle of the wing with the same relative distance to OWC and GOC. The other recommendation based on simulation result, 
is to place the well closer to the OWC rather than the GOC, the reason being that early gas breakthrough significantly reduces 
the amount of oil recoverable and sweep efficiency is much lower.  
 
Figure 39. The response parameters based on different well locations. 
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Figure 30. Variation in Water Cut development (%) due to change of dip angle and stratigraphic thickness  
 
Figure 31. Variation in Gas Oil Ratio (mscf/stb) due to change of dip angle and stratigraphic thickness 
 
Figure 32. Variation in Recovery Factor (%) due to change of dip angle and stratigraphic thickness 
 
Figure 33. Variation in Cumulative Oil Production (stb) due to change of dip angle and stratigraphic thickness 
 
Figure 34. Variation in Oil in Place (stb) due to change of dip angle and stratigraphic thickness            
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Experimental design 
Experimental design was implemented in the reservoir studies to enhance the efficiency of work scope. In order to have 
realistic a bigger variation of the response parameters, one should look at a wide range of multilevel factors, beside two-level 
design, where only high and low values are taken into account (White et al., 2003). The number of simulations needed is 
dependent on the number of uncertainty parameters the study has. Therefore, the application of experimental design is 
neededbeneficial, as it covers the range of factors by reducing the number of runs, but provides a complete picture of possible 
results. In addition to this, it assesses the sensitivity on to the response parameters, and evaluates the extent and significance of 
uncertainties.   In this study, experimental design was carried out on every grid type with the following designs applied:  
 Sensitivity- generates experiments by changing one uncertainty parameter at a time. 
 Plackett Burman- generates experiments by using only maximum and minimum values of uncertainty parameters. 
(Plackett and Burmna, 1946)   
 Latin hypercube- creates experiments by random selection of uncertainties parameters. (Zubarev, 2009). 
The histogram of response parameter such as oil in place, cumulative recovery and recovery factor for grid 1 is shown in 
figures 40, 41, 42 respectively. The Range of possible values of oil cumulative oil production is illustrated in Figure 43. For 
the histograms of other grids refer to Appendix F. The P10, P50 and P90 subsurface values are tabulated in Table 6. The 
illustration of variation in response parameters due to gridding is displayed in Figures 44-46. In detailconclusion, by 
comparing the P50 values, grids 1, 3 and 4 exhibit similar behaviors, whereas other grids tend to give slightly different 
answers. The cumulative recovered oil and the corresponding recovery factor are dependent on the gridding method.  
 
  Oil in Place (stb) Oil Production (stb) Recovery Factor (%) 
  P10 P50 P90 P10 P50 P90 P10 P50 P90 
Grid 1 1,517,000 1,427,000 1,330,000 561,300 455,800 262,700 39 32 18 
Grid 2 1,521,000 1,429,000 1,334,000 547,300 459,600 241,700 37 33 17 
Grid 3 1,522,000 1,431,000 1,335,000 567,100 451,000 215,100 39 32 16 
Grid 4 1,514,000 1,421,000 1,326,000 552,600 450,200 220,900 38 32 17 
Grid 5 1,536,000 1,445,000 1,347,000 561,000 453,100 244,800 38 31 18 
Grid 6 1,518,000 1,427,000 1,329,000 518,500 420,700 224,200 35 30 17 
Grid 7 1,531,000 1,440,000 1,343,000 578,000 426,800 177,300 41 30 13 
Table 6. The P10, P50 and P90 values of response parameters. 
 
The variations in amount of oil in place are affected by the reduction in the total pore volume, because cells below the 
threshold volume have been removed from the model by MINPV. This explains why the oil in place in Grid 5 and 7 are higher 
than other grids.    
 
Figure 40. The histogram of oil in place distribution. . 
 
Figure 41. The histogram of oil production distribution.  
 
Figure 42. The histogram of recovery factor distribution.  
 
 
Figure 43. The range of possible oil production values.  
  
12                                                                                                                                                                            Gryphon Injection Wing Modeling 
 
 
1,200,000
1,250,000
1,300,000
1,350,000
1,400,000
1,450,000
1,500,000
1,550,000
P10 P50 P90
Oil In Place (stb)
Grid 1 Grid 2 Grid 3 Grid 4 Grid 5 Grid 6 Grid 7
0
100,000
200,000
300,000
400,000
500,000
600,000
P10 P50 P90
Cumulative Oil Recovered (stb)
Grid 1 Grid 2 Grid 3 Grid 4 Grid 5 Grid 6 Grid 7
0
5
10
15
20
25
30
35
40
45
P10 P50 P90
Recovery Factor (%)
Grid 1 Grid 2 Grid 3 Grid 4 Grid 5 Grid 6 Grid 7
 
   Figure 44. P10/P50/P90 values                          Figure 45. P10/P50/P90 values                     Figure 46. P/10/P50/ P90 values 
   of oil in place                                                      of oil Production                                            of recovery factor. 
 
Response surface modeling 
Response surface modeling (RSM) aims to predict the behavior of certain response parameter (oil in place, recovery 
factor, water cut development etc) by using a simple equation, as a function of the uncertainty parameters of reservoir 
simulation model (Risso et al.,2007). Coupled with experimental designed RSM can provide an accurate and efficient  tool to 
estimate the reserves or for forecasting purposes. 
 The algorithm used to create the RSM is based on regression analysis, which is widely used in forecasting and 
predicting purposes. The method used in this study is based on a polynomial model that is represented by linear regression 
analysis of the form: 
)1.(........................................................................................................................
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Where, y is expected value of response parameter, xi and xj are input variables,  i and j are the linear and quadratic coefficients, 
β are regression coefficients, k is the number of experiments and e-random error (Montgomery et al., 2001). 
RSM can be a useful tool in optimization, sensitivity and uncertainty analysis. By creating a RSM, one can obtain a 
quick response, with no need for long simulation runs. Therefore, it can be a good substitute for the numerical simulation 
(White et al., 2003). The RSM was generated by the results of Latin Hyper Cube and Plackett Burman designs.  
The quality of response surface model is ensured by statistical technique (Pareto Plot), which is used to narrow the 
terms in the RSM and see the relevance to the overall effect
1
. The less the P-value the more relevance it has to the model. The 
P-values are interpreted as the probability of that coefficient to be zero, and which has ( no impact on the RSM) and soand 
were analyzed to cut off the irrelevant termsas being irrelevant (Manceau et al., 2002). The threshold for the P-value is set as 
0.3, thus all the terms that have P-value more than 0.3 were removed. However it is recommended to incorporate all possible 
uncertainty parameters at the beginning and discard the less important terms gradually. Since the P-values may change for 
each modification, it ensures the best quality is obtained (Zubarev, 2009). For a quick picture of the RSM quality in 
comparison to the original input data, the RSM quality plot is constructed.  
The number of the simulated response parameters should be adequate in order to obtain a representative Response 
Surface Model. In the current study, 50 Latin Hyper Cube and 8 Plackett Burman experiments were implemented. The 
Response surface modeling was generated to predict two main response parameters, the reserves and recovery factor. The 
relationship between the uncertainties and response parameters can be linear. (White et al., 2001). However, if there are many 
factors to be considered, obtaining a reasonable response model will not be straight forward, which explains the presence of 
linear, cross and square terms in the RSM. The RSM generated for oil production (for Grid1) is shown in equation 2, the 
corresponding Pareto Plot and Quality plots are illustrated in Figure 47 and Figure 48 respectively (for other grids refer to 
Appendix G). The RSM generated for recovery factor (Grid 1) is shown in equation (3) (for other grids refer to Appendix H) 
Oil Production: 
)2.(..................................................................................................................................2WN4101.067PORO7107.4072PORO7107.154PERMX
2101.818WNPERMX6.813POROPERMX2107.7412PERMX3106.841KVKH6104.934POROKVKH7101.325
PERMXKVKH76.992KVKH5108.509GC5102.928WNGC3109.818POROGC610*1.008PERMXGC5.8262GC
3101.706AQ1.045WNAQ2106.332POROAQ2.426KVKHAQ1.046GCAQ210*6.7112AQ7101.572710*1.591




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     Figure 47.  Pareto plot for Cumulative Oil Production. Grid 1.        Figure 48. RSM Quality plot of Cumulative Oil Production. Grid 1. 
 
The Pareto Plot generated for the RSM model for the reserves illustrates the most influential parameters and the order 
of their impact. The model is influenced by linear parameters such as aquifer size, gas cap multiplier, kv/kh ratio, permeability 
and porosity. Moreover, the interactions between these parameters are also influential. The model represents 96% accuracy in 
terms of predictivity and the quality plot illustrates the fit line through the simulated responses.                                  
  The RSM generated for recovery factor is shown in equation 3: 
Recovery Factor: 
)3....(......................................................................).........2WN3106.311PORO20.19PERMX4101.93POROPERMX4106.3992PERMX
9103.57KVKH2.946POROKVKH9.95PERMXKVKH5105.933GC0.2065WNGC3105.101POROGC0.7653
PERMXGC*6103.513WNAQ*8103.749POROAQ6102.667AQKVKH7106.528GCAQ*8104.961(6.275100



 
                                                   
                  Figure 49. Pareto plot for Recovery Factor. Grid 1.                 Figure 50. RSM Quality plot for Recovery Factor. Grid 1. 
The Pareto Plot generated for the RSM model for the recovery factor shows the terms having the biggest impact (Figure 49). 
The parameters that had P-values less than 0.1 were removed, as they did not impact the quality of the model. This has reduced 
the complexity of the RSM created. The model is being influenced by linear terms such as gas cap multiplier, kv/kh ratio, 
permeability and porosity. Moreover, the interactions between these parameters are also influential.  
The model represents 97% accuracy in terms of predictivity. The quality plot is provided in Figure 50. 
As the level of prediction for both oil production and recovery factor is acceptable, these response surface models can be used 
for further prediction (Manceau et al., 2002). Monte Carlo simulation was carried out for the probabilistic analysis and 
distribution. 1000 simulations were computed and the probabilistic distributions for oil production and recovery factor are 
shown in Figure 51 and Figure 52 respectively. The corresponding values for P10, P50 and P90 realizations cases are shown in 
Table 7. 
 
  P10 P50 P90 
Cumulative oil production (stb) 602,000 422,000 204,500 
Recovery factor (%) 14 31 41 
Table 7. The P10, P50 and P90 values for cumulative oil production and recovery factor 
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Figure 51. The probabilistic distribution of Oil production. Grid1.       
 
   
Figure 52. The probabilistic distribution of Recovery factor. Grid1. 
 Conclusions and Recommendations 
1. The gridding scheme is an important factor, with different results obtained for each case. However similar patterns 
were established for grids 1, 3, 4. For the rest of the grids, the water cut development, gas oil ratio and recovery 
factors depend on the gridding method, shape and orientation.  
2. The geometry of the wing has only a partial effect on the injectite behavior; the thickness is influential for all 
response terms, whereas the dip angle has only an effect on gas oil ratio.  
3. The outcome from grid coarsening is not conclusive; the simulation period should be increased in order to analyze the 
behavior beyond the previously simulated time.  
4. The optimum well location is in the middle of the injection wing, with the same relative distance to OWC and GOC.  
5. Ranking for the impact of geological and engineering parameters is the same for all grid types, however the 
percentage change of oil production and the direction of impact (ex: kv/kh) are slightly different for each grid due to 
the gridding scheme. The most crucial factor is gas cap size, since early gas breakthrough significantly reduces the 
amount of oil recovered, leaving most of the oil un-swept. 
6. As many uncertainty parameters were involved in the current study, experimental design proved to be an efficient 
way to manage the uncertainties and properly identify the influence of each of them to the response parameters.  
7. The construction of a Response Surface Model as an alternative to the simulation model is a quick tool to assess the 
reserves and recovery factor. The response models for all grids have shown that they are strongly dependent on the 
quality of input data, the number of response parameters available and the complexity of the model itself.  
8. The probabilistic distribution of response parameters was constructed as a function of the most influential uncertainty 
parameters. This resulted in obtaining realistic low, mid and high case P90, P50 and P10 values, which are the key 
numbers in driving business decisions.  
The further recommendations for the current work are: 
1. As the attribute impacts have been identified, the number of simulation can be reduced. It is recommended that 
the remaining simulations are run for a longer period (3-5 years) in order to determine the full impact on recovery 
factor.  
2. Consider running sensitivities for a model which use a friction model for the well, to take into account the 
drawdown distribution along the horizontal. This may have an impact on water/gas coning, as it is considered to 
be influential for high permeable reservoirs with viscous oil. 
3. Introduce reservoir heterogeneities, such as shale etc, since the real wells have mostly not encountered the full 
sand along their penetrations. 
4. Run sensitivities on well completion length in order to identify optimum well completion length and completion 
zonation. 
5. Apply the current methodology to injection wings in the full field model and perform history matches. 
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Nomenclature 
 
API                         American Petroleum Institute 
RSM                       Response Surface Model 
OWC                     Oil Water Contact 
GOC                       Gas Oil Contact 
FVF                       Formation Volume Factor 
LWD                      Logging While Drilling 
GOR                      Gas Oil Ratio 
CPU                     Central Processing Unit 
STB                      Stock Tank Barrel 
MSCF/STB Thousand Standard Cubic Feet/Stock Tank Barrel 
 
Symbols and units 
 
All parameters are expressed in field units 
AQ  Aquifer cross sectional area, ft
2
 
GC  Gas Cap multiplier 
KVKH Ratio of vertical to horizontal permeability 
PORO  Porosity, % 
WN  Well number 
PERMX  Horizontal permeability,mD 
 
Convertion factors 
ft         x     0.304        =     m 
bbl      x     0.158        =      m
3 
psi       x     6894.7      =     Pa 
Darcy  x     10
-12              
=      m
2
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Appendix A: Literature Review 
 
Source Year  Title Authors Contribution 
Marine 
and 
Petroleum 
Geology 
19 (pages 
161-179)  
2002 
“Complex reservoir 
geometries in a deep 
water clastic 
sequence, Gryphon 
field UKCS: 
Injection structures, 
geological modeling 
and reservoir 
simulation” 
Kevin Purvis, Jim Kao, 
Kevin Flanagan, Kerr 
Mc-Gee North Sea (UK) 
Limited; Jim Henderson, 
Trace editors Limited; 
Davide Duranti, 
Department of Geology 
and Petroleum Geology, 
University of Aberdeen 
First to explain how the 
geological model of the entire 
Gryphon field was constructed  
OTC 7423 1994 
“Gryphon field 
development 
overview” 
D.R.Phillips, P.A.Doble, 
S.J.Knight, and 
R.M.Baxter, Kerr-
McGee Oil (UK), Plc 
First to describe all possible  
development options that can be 
implemented on Gryphon field  
SPE paper  
124751 
2009 
“Gryphon Field 
Development - Past, 
Present and Future’’ 
Gerhard Templeton, 
Stijn Konings, Clare 
Wilkie, Paul Benton, 
Gabriel Marcas, Alan 
McInally, and Rob Ings 
and Andrew Fisher, 
Maersk Oil North Sea 
UK Limited 
Latest development overview of 
the Gryphon field 
SPE paper  
108655 
2007 
“Development of 
the Gryphon Field 
Injection Wing-
Technical 
Challenges and 
Risks” 
4. N.Hart and G.Ageneu, 
Maersk Oil North Sea 
UK; P.Mattson, SPE, 
Logios Consulting; and 
A.Fisher, PGL 
First to describe the challenges 
and the risk associated with the 
exploration, drilling and 
production from the injection 
wings 
Oilfield 
Review, 
Vol.:20, 
issue: 2 
2008 “Sand Injectites” 
Eric Braccini Total E&P 
Angola Luanda, Angola; 
Wytze de Boer Marathon 
Oil (United Kingdom) 
Ltd. Aberdeen, Scotland; 
Andrew Hurst, Mads 
Huuse; Mario Vigorito, 
University of Aberdeen, 
Aberdeen, Scotland; 
Gerhard Templeton, 
Maersk Oil North Sea 
UK Limited, Aberdeen, 
Scotland 
First to fully present the 
geological description of sand 
injectites, the cause of their 
formation and impact on the 
cumulative oil production of the 
oil fields 
Table A1. Literature Survey 
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SPE 108655 (2007) 
Development of the Gryphon Field Injection Wing-Technical Challenges and Risks 
 
Authors:  
N. Hart and G. Ageneu, Maersk Oil North Sea UK; P. Mattson, SPE, Logios Consulting; and A.Fisher, 
PGL 
 
Contribution to the understanding of Gryphon Injection Wing:  
Very useful paper, since it is focusing purely on the injection wings. 
 
Objective of the paper:  
To present the technical challenges and risks associated with the injection wings and the ways to face 
them.  
 
Methodology used: 
 Full suite of geosteering tools were used to understand the position of the dyke and it’s geometry 
 MWD data were analyzed on daily basis 
 “Dual Inclination” technique was used 
 Seismic data were re-interpreted 
 Logging were performed 
 Well site Information Transfer Standard Markup language (WITSML) was established for real 
data transfer for direct modelling, enabling an instant assessment of the well position 
 The wellbore stability problems were overcome by applying tighter Equivalent Circulating 
Density (ECD) windows 
 
Conclusion reached: 
 The exploitation of the Gryphon field’s injection wings is challenging process with lots of 
associated risks 
 The greatest challenge is dealing with the uncertainties, since actual well performances are 
different from the expected ones. 
 The challenges were met by a multi-disciplinary team using a combination of new technologies 
and practical strategies. 
 7 Injection Wing wells drilled to date. 
 11 Million barrels produced, 10% of cumulative Field production helping to re-juvenate the 
Gryphon Field.  
 Currently producing 80% of Gryphon daily production with average production exceeding targets. 
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SPE 124751 (2009) 
Gryphon Field Development - Past, Present and Future 
 
Authors:  
Gerhard Templeton, Stijn Konings, Clare Wilkie, Paul Benton, Gabriel Marcas, Alan McInally, and Rob 
Ings and Andrew Fisher, Maersk Oil North Sea UK Limited 
 
Contribution to understanding of Injection Wings: 
Useful paper giving the broaden view of Gryphon field (geology, production and development history, 
present day challenges, well planning an drilling and etc) and the importance as well as contribution of 
Injection wings to the field life 
 
Objective of paper: 
 To present the story of the development of the understanding of the field and how this has 
influenced improvements in the development concept 
 Where the field is with current activity 
 Where gryphon field is going 
 
Methodology used: 
Paper is written mainly in descriptive style. The field’s geological setting, giving the information about 
Gryphon’s reservoir sands, sand injectite style, production development and history ,present day 
challenges, well planning and drilling , the future potential were described. 
 
Conclusions reached: 
 The main development targets are massive turbidite lobes sands and sand injection wings. 
 Improvement of seismic data interpretation lead to better understanding and identification of sand 
injection wings and injectites 
 Gryphon injection wings were targeted on the later stage of development, thus make it possible to 
extend field life 
 Better drilling practices, subsea technology and proactive field management were achieved 
 The infill targets will be based on dynamic modelling of Injection wings and seismic 
interpretation 
 Gas blowdown will represent the final stage of field development of Gryphon field. 
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Journal: Oilfield Review (summer 2008, Vol.:20, issue: 2) 
Sand injectites 
 
Authors:  
Eric Braccini Total E&P Angola Luanda, Angola; Wytze de Boer Marathon Oil (United Kingdom) Ltd. 
Aberdeen, Scotland; Andrew Hurst, Mads Huuse; Mario Vigorito, University of Aberdeen, Scotland;  
Gerhard Templeton, Maersk Oil North Sea UK Limited, Aberdeen, Scotland 
 
Contribution to the understanding of sand injectites: 
Huge contribution to the geological descriptions of the sand injectites, the cause of their formation and 
impact to the cumulative recovery of the oilfields 
 
Objective of the paper:  
To give the general idea of sand injectite occurrence and familiarize with the positive and negative 
impact of sand injectites of E&P endeavors. 
 
Methodology used:   
The followings were performed/analyzed: 
 Outcrops observation   
 Mechanics of sand intrusion  
 Methods of recognizing subsurface sand injectites  
 Oil fields with Injectites  
 
Conclusion reached: 
Sand injectites, which are considered as geological anomalies can be attractive exploration targets since 
they can add more volume to the reservoir, by having higher porosity and permeability, however 
identifying the sand injectites, distinguishing from ratty sands are challenging and needs more precise 
further study. 
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Marine and Petroleum Geology 19 (2002) 161-179 
Complex reservoir geometries in a deep-water clastic sequence, Gryphon field UKCS: Injection 
structures, geological modeling and reservoir simulation 
 
Authors:  
Kevin Purvis, Jim Kao, Kevin Flanagan, Kerr Mc-Gee North Sea (UK) Limited; Jim Henderson, Trace 
editors Limited; Davide Duranti, Department of Geology and Petroleum Geology, University of 
Aberdeen 
 
Contribution to the understanding of Gryphon field’s geology, model simulation: 
The main contribution of the paper was the explanation of how the geological model of the entire field 
was constructed  
 
Objective of the paper:  
To construct the 3D geological model for the dynamic reservoir simulation in order to evaluate the future 
development activities. 
 
Methodology used:   
In order to construct the model several analogues were used (they did not match precisely, but since lack 
of published analogues, the following outcrops below were the decision) 
Tabernas model. (Tabernas turbidite outcrop in Spain) –it is believed that Tabernas depositional system is 
comparable with Balder sand formations of Gryphon field. This model honored the main sand bodies of 
Balder formation, but the data could not be extended to heterogeneous, thinner sand units above the 
Balder formation. 
Jackfork model. (Jackfork formation outcrop) this model was created in order to address the problem 
with no thin sand units in the model. The model was good at capturing the thin sand units; however it 
could not represent the main sand bodies. 
Combined model: Both Tabernas and Jackfork models were combined, to produce a reasonable model 
that could capture both main sand bodies and the thinner sand units. The higher resolution grid cell 
thickness was given to the upper part of the formation, in order to honor the heterogeneity of the thin 
sands. 
The combined model was further upscaled and used for the simulation. However the results mismatched 
which lead to create a stochastic model and run it in conjunction with previous purely deterministic 
model, which finally lead to a creation and usage of hybrid model.  
 
Conclusions reached: 
 The Balder sand formation reservoir a highly complex, no analogue fields were published which 
could be used to condition stochastic model 
 Upscaled stochastic model was creating, by inputting the available data from Tabernas and 
Jackfork outcrops, so that the model would honour reservoir characteristics and parameters 
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 Simulation results of stochastic model was pure, with the very early water and gas breakthrough, 
however after increasing the thickness of sand bodies the model had a better match. 
 The hybrid model which took into account deterministic approach of oil leg distribution and 
stochastic approach as gas and water legs could significantly increase the quality of the model, 
improving the history match and successfully being used for the development opportunities.  
 
SPE 49245(1998) 
Worldwide turbidite exploration and production: A Globally immature play with opportunities in 
Stratigrapahic traps 
 
Authors:  
Henry S. Pettingill, Repsol Exploracion SA  
 
Contribution to the understanding of turbidite sands: 
Not much, since paper is mainly focused on explaining the worldwide distribution of turbidite sands and 
their potential 
 
Objective of the paper: 
To examine a global turbidite play by looking at: 
 Population of 41 world largest turbidite fields 
 Five largest basins in terms of total discovered resources 
 Summary of traps which is critical geological factor in turbidite fields  
 
Methodology used:   
The followings were discussed/analyzed to support the objective of the paper: 
 Geological setting of turbidite fields 
 Giant turbidite fields 
 Development status of Giant turbidite fields, largest producing basins such as: 
1. North Sea 
2. U.S. Gulf of Mexico 
3. Campos basin, Brazil 
4. Los Angeles basin, California 
5. San Jaoquin basin, California 
 
Conclusions reached: 
For the time being the turbidite reservoirs are not developed for their full potential and play a great role in 
hydrocarbon exploration and production. 
The types trap contributes a major portion for the ultimate reserves. 
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SPE 90375(2004) 
Seismic scale sand injectites in North Sea 
 
Authors:  
T. Cherret and A. Carrilat, Schlumberger, Stavanger, Norway 
 
Contribution to the understanding of sand injectites: 
Good paper, describing the types of sand injectites that can be met in the North Sea, having different 
seismic characteristics, geometry, sequence and different acoustic contrasts. 
 
Objective of the paper: 
To review sand injectites of three different cases in the various parts of North Sea 
 
Methodology used:   
Three parts of North Sea such as Central North Sea (east of Kvitebjoern field), Alba field in CNS and 
Grane field were analyzed. As a result, the following types of sand injectites were identified: 
Type 1: appear as V-shaped features on the seismic sections and cusp-shaped bodies in three dimension, 
easy to map 
Type 2: Long sub-vertical dykes combined with sills, thickness is highly variable and the high resolution 
seismic data is needed to capture these injectites 
Type3: sand injectite called ‘’wings” 
 
Conclusions reached: 
 Sand injectites on the North Sea have a great range in size, shape and acoustic response and 
therefore classified in three types. 
 Different challenges are met within each of them 
 The injectites can be mapped as 3D geo-bodies, and identifying the connectivity between them 
and between the main sand bodies plays important role in understanding the reservoir. 
 Understanding sand injectites’ distribution can be a good tool for the better reservoir evaluation 
and well planning 
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SPE 7423(1994) 
Gryphon Field Development Overview 
 
Authors:  
D.R.Phillips, P.A.Doble, S.J.Knight, and R.M.Baxter, Kerr Mc-Gee Oil (UK) Plc 
 
Contribution to the understanding of sand injectites:  
Not at all, however paper gives a good background for the development options on Gryphon field and the 
answers why Gryphon field is being developed as it is being developed now. 
 
Objective of the paper: 
Summaries the major aspects of the development history of Gryphon field to the date of publication. 
 
Methodology used:   
For the decision of development options the exploration history and geology was taken into account. 
Different development options were evaluated and various project execution strategies were considered. 
And obviously for the project to be economically viable, the cost of each development option was 
considered to select the most cost effective one but honor technical challenges met on the Gryphon field 
  
Conclusions reached:  
 The success of the relatively small reserve field in North Se was mainly achieved due to: 
 Significant reservoir evaluation and good management 
 Maintain fast track development options and implementing innovation solutions 
 Minimum time gap between commitment and first oil 
 Close working relationship between operator and government which lead to quick decisions. 
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Appendix B: The subdivided group description based on geometries of the injection wing 
 
Group Stratigraphic Thickness (ft) Dip angle (
0
) Grid  Group Stratigraphic Thickness (ft) Dip angle (
0
)  Grid  
1 150 15 1-7 9 150 25 1-7 
2 200 15 1-7 10 200 25 1-7 
3 300 15 1-7 11 300 25 1-7 
4 400 15 1-7 12 400 25 1-7 
5 150 20 1-7 13 150 30 1-7 
6 200 20 1-7 14 200 30 1-7 
7 300 20 1-7 15 300 30 1-7 
8 400 20 1-7 16 400 30 1-7 
Table B1. The description of each subdivided group according to thickness, dip angle and grid scheme 
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Appendix C: The response results based on geometry variations  
 
Figure C1. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) Group 1                   
 
Figure C2. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) Group 2 
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Figure C3. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) Group 3                   
 
Figure C4. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) Group 4                   
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Figure C5. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) Group 5                   
 
Figure C6. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) Group 6 
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Figure C7. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) Group 7 
 
Figure C8. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) Group 8 
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Figure C9. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) Group 9 
 
Figure C10. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) Group 10 
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Figure C11. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) Group 11 
 
Figure C12. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) Group 12 
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Figure C13. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) Group 13 
 
Figure C14. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) Group 14 
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Figure C15. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) Group 15 
 
 
Figure C16. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) Group 16 
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Appendix D: The response results based on grid coarsening 
 
Figure D1. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) due to 
grid coarsening (X1, X2, X3) Grid 1. 
 
Figure D2. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) due to 
grid coarsening (X1, X2, X3) Grid 2. 
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Figure D3. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) due to 
grid coarsening (X1, X2, X3) Grid 3. 
 
Figure D4. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) due to 
grid coarsening (X1, X2, X3) Grid 4. 
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Figure D5. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) due to 
grid coarsening (X1, X2, X3) Grid 5. 
 
Figure D6. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) due to 
grid coarsening (X1, X2, X3) Grid 6. 
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Figure D7. The simulation results of response parameters (water cut, gas oil ratio, cumulative oil production and CPU time) due to 
grid coarsening (X1, X2, X3) Grid 7. 
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Appendix E: The response results based uncertainty parameters  
 
Figure E1. The sensitivity results based on Aquifer size variation. 
 
Figure E2. The sensitivity results based on gas cap multiplier variation. 
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Figure E3. The sensitivity results based on kv/kh variation variation. 
 
Figure E4. The sensitivity results based on horizontal permeability variation. 
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Figure E5. The sensitivity results based porosity variation. 
 
 
Figure E5. The sensitivity results based well position variation. 
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Appendix F: Tornado plots (Grids 1-7) 
 
Figure F1. Tornado plot Grid 1.                           Figure F2. Tornado plot Grid 2. 
 
Figure F3. Tornado plot Grid 3.                    Figure F4. Tornado plot Grid 4. 
 
Figure F5. Tornado plot Grid 5.                        Figure F6. Tornado plot Grid 6. 
 
Figure F7. Tornado plot Grid 7. 
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Appendix G: Histograms of oil production, oil in place, recovery factor distribution and the plots of the 
possible values of oil production (Grids 1-7) 
 
Figure G1. The histogram of Recovery factor distribution. Grid 1. 
 
Figure G2. The histogram of Oil in Place distribution. Grid 1. 
 
Figure G3. The histogram of Cumulative Oil Production distribution. Grid 1. 
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Figure G4. The histogram of Recovery factor distribution. Grid 2. 
 
Figure G5. The histogram of Oil in Place distribution. Grid 2. 
 
Figure G6. The histogram of Cumulative Oil Production distribution. Grid 2. 
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Figure G7. The histogram of Recovery factor distribution. Grid 3. 
 
Figure G8. The histogram of Oil in Place distribution. Grid 3. 
 
Figure G9. The histogram of Cumulative Oil Production distribution. Grid 3. 
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Figure G10. The histogram of Recovery factor distribution. Grid 4. 
 
Figure G11. The histogram of Oil in Place distribution. Grid 4. 
 
Figure G12. The histogram of Cumulative Oil Production distribution. Grid 4. 
Gryphon Injection Wing Modeling                                                                                                                                                 Raushan Bayetova                                                                        
MSc in Petroleum Engineering  
 
 
Appendix G: Histograms of cumulative oil production, oil in place, recovery factor distribution and the plots of the possible values of oil 
production (Grids 1-7)                                                                                                                                                                                              46 
 
 
 
 
Figure G13. The histogram of Recovery factor distribution. Grid 5. 
 
Figure G14. The histogram of Oil in Place distribution. Grid 5. 
 
Figure G15. The histogram of Cumulative Oil Production distribution. Grid 5. 
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Figure G16. The histogram of Recovery factor distribution. Grid 6. 
 
Figure G17. The histogram of Oil in Place distribution. Grid 6. 
 
Figure G18. The histogram of Cumulative Oil Production distribution. Grid 6. 
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Figure G19. The histogram of Recovery factor distribution. Grid 7. 
 
Figure G20. The histogram of Oil in Place distribution. Grid 7. 
 
 
Figure G21. The histogram of Cumulative Oil Production distribution. Grid 7. 
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Figure G22. The range of possible reserves Grid 1.   Figure G23. The range of possible reserves Grid 2. 
 
Figure G24. The range of possible reserves Grid 3.   Figure G25. The range of possible reserves Grid 4. 
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Figure G26. The range of possible reserves Grid 5.  Figure G27. The range of possible reserves Grid 6. 
 
  
Figure G28. The range of possible reserves Grid 7.  
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Appendix H: Pareto and Response Surface Model Quality plots (Grids 1-7) 
 
Figure H1. Pareto Plot. Grid 1.                                                  Figure H2. Pareto Plot. Grid 2. 
 
Figure H3. Pareto Plot. Grid 3.                                          Figure H4. Pareto Plot. Grid 4 
 
Figure H5. Pareto Plot. Grid 5                                            Figure H6. Pareto Plot. Grid 6 
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Figure H7. Pareto Plot. Grid 8                                        Figure H8. RSM Quality Plot. Grid 1. 
 
Figure H9. RSM Quality Plot. Grid 2                                      Figure H10. RSM Quality Plot. Grid 3. 
 
Figure H10. RSM Quality Plot. Grid 4                                 Figure H11. RSM Quality Plot. Grid 5. 
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Figure H12. RSM Quality Plot. Grid 6                                   Figure H13. RSM Quality Plot. Grid 7. 
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Appendix I: Response Surface Models for oil production and recovery factor (Grids 1-7) 
Grid 1 
Oil Production=1.591*107-1.572*10-7*AQ2-6.711*10-2*AQ*GC-1.046*AQ*KVKH+2.426*AQ*PORO-6.332*10-2* AQ*WN +1.045*AQ 
+1.706*103*GC2-5.826*GC*PERMX+1.008*106*GC*PORO+9.818*103*GC*WN-2.928*105*GC+8.509*105* KVKH2 +76.99*KVKH* 
PERMX+1.325*107*KVKH*PORO-4.934*106*KVKH-6.841*10-3*PERMX2+7.741*102*PERMX *PORO-6.813*PERMX*WN-1.818* 
102*PERMX+7.154*107*PORO2-7.407*107*PORO+1.067*104 * WN2 
 
Recovery Factor=100*(6.275-4.961*10-8*AQ*GC-6.528*10-7*AQ*KVKH+2.667*10-6*AQ*PORO-3.749*10-8* AQ*WN- 3.513*10-6* GC 
*PERMX+7.653*10-1*GC*PORO+5.101*10-3*GC*WN-2.065*10-1*GC+5.933*10-5*KVKH*PERMX+9.95*KVKH*PORO-2.946* 
KVKH-3.57*10-9*PERMX2+6.399*10-4*PERMX*PORO-3.040*10-6*PERMX*WN-1.93*10-4* PERMX-20.19*PORO+6.311*10-3* WN2) 
 
Grid 2 
Oil Production=1.205*107-1.219*10-7*AQ2-5.713*102*AQ*GC-0.937*AQ*KVKH+2.326*10-6*AQ*PERMX+1.618* AQ*PORO* 4.691* 
10-2*AQ*WN+1.009*AQ+1.572*103*GC2-7.267*103*GC*KVKH-5.291*GC*PERMX+9.556*105*GC*PORO+9.487*103*GC*WN-
2.822*105*GC+6.789*105*KVKH2+69.4*KVKH*PERMX+1.157*107*KVKH*PORO-1.988*103*KVKH*WN-4.147*106*KVKH-6.1* 
10-3*PERMX2+5.86*102*PERMX*PORO-5.188*PERMX*WN-1.3*102*PERMX+4.59*107*PORO2*2.126*105*PORO*WN-5.319*107* 
PORO+1.636*104*WN2-1.43*105*WN 
 
Recovery Factor=100*(-1.747-5.274*10-8*AQ*GC+3.002*10-7*AQ-4.161*10-6*GC*PERMX*2.302*10-1*GC*PORO+3.02*10-3*GC*WN 
+1.034*10-4*KVKH*PERMX+13.53*KVKH*PORO-5.458*KVKH-3.784*10-9*PERMX2*4.46*10-4*PERMX*PORO-1.628*10-4* 
PERMX-56.89*PORO2+25.88*PORO+7.579*10-3*WN2-6.928*10-2*WN) 
 
Grid 3 
Oil Production=5.673*106-7.437*10-2*AQ*GC-5.694*10-1*AQ*KVKH+3.06*AQ*PORO-2.923*10-2*AQ*WN-1.312*10-1*AQ+3.011* 
103*GC2+1.381*104*GC*KVKH-8.126*GC*PERMX+1.035*106*GC*PORO+8.093*103*GC*WN-2.891*105 *GC+89.75*KVKH* 
PERMX+3.927*104*KVKH*WN-6.641*10-3*PERMX2+9.98*102*PERMX*PORO-7.894*PERMX*WN-2.513*102*PERMX-1.722* 
107*PORO+3.212*104*WN2-2.338*105 * WN 
 
Recovery Factor=100*(5.655-4.829*10-8*AQ*GC-3.391*10-7*AQ*KVKH+1.741*10-6*AQ*PORO-2.558*10-8*AQ*WN-2.740*10-6*GC* 
PERMX+6.888*10-1*GC*PORO+3.13*10-3*GC*WN-17.68*GC+7.94*10-5*KVKH*PERMX+6.958*KVKH*POR-2.499*KVKH-2.451* 
10-9*PERMX2+8.21*10-4*PERMX*PORO-3.37*10-6*PERMX*WN-2.874*10-4*PERMX-0.2016*PORO*WN-16.53*PORO+1.463*10-
2*WN2) 
 
Grid 4 
Oil Production=1.656*107-5.099*10-2*AQ*GC-0.5785*AQ*KVKH-2.471*10-5*AQ*PERMX+6.072*AQ*PORO-1.326*AQ+3884*GC2-
6.7*GC*PERMX+1.221*106*GC*PORO+5.641*103*GC*WN-3.864*105*GC-9.575*105*KVKH2+67.49*KVKH*PERMX +1.726*106 
*KVKH-7.527*10-3*PERMX2+1.057*103*PERMX*PORO-3.128*PERMX*WN-2.452*102*PERMX+7.771*107*PORO2-7.681*107* 
PORO+2.568*104*WN2-2.177*105*WN 
 
Recovery Factor=100*(2.244-4.210*10-8*AQ*GC-2.877*10-7*AQ*KVKH+1.525*10-6*AQ*PORO-2.057*10-8*AQ*WN-3.584*10-6*GC* 
PERMX*0.5077*GC*PORO+2.032*10-3*GC*WN-0.1105*GC+7.648*10-5*KVKH*PERMX+6.939*KVKH*PORO-2.577*KVKH+9.774 
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*10-4*PERMX*PORO-5.458*10-6*PERMX*WN-3.554*10-4*PERMX-18.93*PORO2-0.6746*PORO*WN+1.342*10-2* WN2+0.1882*WN) 
 
Grid 5 
Oil Production=1.347*107-1.595*10-7*AQ2-8.23*10-2*AQ*GC-0.8535*AQ*KVKH-6.299*10-2*AQ*WN+1.828*AQ+2221*GC2-3.22*GC 
*PERMX+1.265*106*GC*PORO+6.314*103*GC*WN-3.686*105*GC+8.81*105*KVKH2+114.2*KVKH*PERMX +6.937*106*KVKH* 
PORO-3.253*106*KVKH-3.907*103*PERMX2+1036*PERMX*PORO-6.114*PERMX*WN-351.6*PERMX+6.22*107*PORO2-6.257* 
107*PORO+1.134*104*WN2 
 
Recovery Factor=100*(5.315-5.74910-8*AQ*GC-4.544*10-7*AQ*KVKH-3.42*10-8*AQ*WN+8.119*10-7*AQ-2.661*10-6*GC*PERMX+ 
0.8346*GC*PORO+3.723*10-3*GC*WN-0.2207*GC+0.618*KVKH2+9.492*10-5*KVKH*PERMX+7.688*KVKH*PORO-3.626*KVKH-
2.216*10-9*PERMX2+8.799*10-4*PERMX*PORO-4.46*10-6*PERMX*WN-3.198*10-4*PERMX-0.3587*PORO*WN-
15.35*PORO+7.420*10-3*WN2+0.1278*WN) 
 
Grid 6 
Oil Production=9.250*106-3.401*10-2*AQ*GC-0.8705*AQ*KVKH-3.608*10-5*AQ*PERMX-1.2810-2*AQ*WN+1.126*AQ+2.431*103 
*GC2-2.474*GC*PERMX+9.449*105*GC*PORO+7.884*103*GC*WN-3.352*105*GC+6.286*105*KVKH2+9.133*104*KVKH*WN-
9.305*10-3*PERMX2+1.842*102*PERMX+6.757*107*PORO2-5.179*107*PORO+1.896*104*WN2-2.357*105*WN 
 
Recovery Factor=100*(1.84-3.535*10-8*AQ*GC-4.411*10-7*AQ*KVKH-1.204*10-8*AQ*WN+5.621*10-7*AQ-9.154*10-7*GC*PERMX+ 
0.4885*GC*PORO+1.825*10-3*GC*WN-0.1307*GC+0.1969*KVKH2+4.598*10-5*KVKH*PERMX+7.496*KVKH*PORO-2.578* 
KVKH-1.329*10-9*PERMX2+5.064*10-4*PERMX*PORO-1.897*10-4*PERMX-15.84*PORO2-0.154*PORO*WN+8.457*10-3*WN2) 
 
Grid 7 
Oil Production= 1.038*107-3.287*10-7*AQ2-9.645*10-2*AQ*GC-1.419*AQ*KVKH+2.557*10-5*AQ*PERMX+3.831*AQ*PORO-9.835* 
10-2*AQ*WN+1.445*AQ+2.955*103*GC2+6.44*104*GC*KVKH-8.618*GC*PERMX+1.054*106*GC*PORO+1.168*104*GC*WN-3.174 
*105*GC+7.648*105*KVKH2+1.604*102*KVKH*PERMX+1.782*107*KVKH*PORO-6.728*106*KVKH-7.565*10-3*PERMX2+1.247* 
103*PERMX*PORO-13.09*PERMX*WN-401.1*PERMX-3.425*107*PORO+2.079*104*WN2 
 
Recovery Factor=100*(7.756-8.091*10-8*AQ*GC-1.085*10-6*AQ*KVKH+4.444*10-6*AQ*PORO-6.932*10-8*AQ*WN+2.018*10-3*GC2 
+0.07082*GC*KVKH-8.68*10-6*GC*PERMX+0.9433*GC*PORO+0.01037*GC*WN-0.2879*GC+8.095*10-5*KVKH*PERMX+8.054 
*KVKH*PORO+0.06595*KVKH*WN-2.385*KVKH-7.504*10-9*PERMX2+9.641*10-4*PERMX*PORO-1.063*10-5*PERMX*WN-2.127 
*10-4*PERMX-25.88*PORO+0.02086*WN2-0.1043*WN) 
 
 
